Introduction
The founding member of the miRNA family, lin-4, was identified in 1993 through a forward genetic screen for defects in temporal control of larval development in C. elegans [1, 2] . lin-4 is a small non-coding RNA 21 nucleotide in length, generated by two sequential processing of its nascent precursor transcript (pri-miRNA) that formed a hairpin secondary structure [1] . Its major target lin-14 was discovered through the same genetic screen, whose gain-of-function mutation phenocopied the loss-offunction mutation of lin-4 [2] . Besides the genetic evidence, the identification of seven imperfect lin-4 binding sites within the lin-14 3′ UTR further indicated the ability of lin-4 to directly repress lin-14 expression. Both in vivo data and in vitro data suggested that these lin-4 binding elements are both necessary and sufficient for lin-4 mediated gene repression [1, 2] . This first set of observations has established a paradigm in which a miRNA is derived from a structurally distinct precursor RNA to mediate the target repression at the post-transcriptional level.
Unfortunately, this exciting finding did not generate the profound impacts it deserved in the following years, as researchers failed to discover lin-4 counterparts in organisms other than the worm. lin-4, despite of its potent biological effects and its unique gene regulatory mechanisms, was considered an isolated story in C. elegans. It was only through the identification of the second worm miRNA, let-7, that the evolutionary conser vation of miRNAs was uncovered, and the biological significance of these small RNAs started to be appreciated [3] . Almost coincident with the discovery of miRNAs, a highly related biological process, RNA interference (RNAi), gained enormous popularity as a functional genetic tool [4] . RNAi was initially identified as a molecular mechanism for exogenous RNA molecules to mediate the cleavage of specific host mRNAs through perfect sequence complementarity [5] . siRNAs, small non-coding RNAs similar to miRNAs in structure, were recognized as the key components of the RNAi pathway [6] . Fundamentally, siRNAs and miRNAs are very similar in terms of their molecular characteristics, biogenesis pathways and effector pathways. But they differ in the mode of target recognition and the precise mechanisms for gene silencing [4,7−9] . Given the extensive evolutionary conservation of the RNAi pathway, miRNAs were hypothesized as a source of endogenous small RNAs that can harness the RNAi or RNAi-like mechanisms to mediate post-transcriptional gene silencing. Thus, it is conceivable that miRNAs exist in almost all metazoans that harbor the RNAi machinery. Not surprisingly, three different groups simultaneously carried out the initial cloning efforts, and identified abundant species of novel miRNAs in multiple model organisms, including worms, flies and mammals [10−12] . To date, hundreds of miRNAs have been identified in various model organisms, yet the number of the miRNA species is still rising due to the combined efforts of molecular cloning, bioinformatic prediction and pyrosequencing. miRNAs exhibit tissue specific and developmentally regulated expression patterns, and novel miRNAs continue to be found whenever a new cell/tissue type is examined.
The biogenesis of miRNAs
Primary miRNA transcripts (pri-miRNAs), which contain one or multiple stem-loop hairpin structures, are mostly derived from PolII-mediated transcription (Figure 1) . The sequence encoding the mature miRNA is Figure 1 The current model for miRNA biogenesis. RNA polymerase (RNAP) II/III transcribes a nascent pri-miRNA, which is processed by the microprocessor complex, Drosha and DGCR8, to produce a hairpin precursor, pre-miRNA. Pre-miRNA is exported into the cytoplasm by Exportin5, and subsequently processed by Dicer to yield mature miRNA duplex. The RISC loading complex contains Dicer, Ago and TRBP, which catalyzes pre-miRNA cleavage, mediates miRNA strand selection, and preferentially load mature miRNA strand onto the Ago protein. The Ago:miRNA complex then dissociates from the RISC loading complex, and become the core of the RISC complex to regulate post-transcriptional gene repression of specific target mRNAs. mostly embedded in one arm of the stem-loop structure, and eventually liberated after two sequential processing events during miRNA biogenesis [13] . In the first step towards the canonical miRNA maturation pathway, pri-miRNA is cleaved by the microprocessor complex to yield the pre-miRNA, a hairpin-shaped intermediate precursor ~65 nucleotides in length [14] (Figure 1 ). The mi-croprocessor complex consists of the RNaseIII enzyme Drosha that mediates the pri-miRNA cleavage, and a double stranded RNA (dsRNA) binding protein DGCR8/Parsha [15, 16] . DGCR8/Parsha binds to the base of the hairpin stem to position Drosha cleavage at a site about one helical RNA turn away [17] (Figure 1 ). Although most miRNA biogenesis is initiated with Drosha processing, an alternative Drosha-independent pathway exists, in which debranched introns mimic the structural features of pre-miRNAs [18−21] . Pre-miRNAs are then exported from the nucleus to the cytoplasm by Explortin 5 [21] , where another RNaseIII enzyme Dicer, assisted by its dsRNA binding partner TRBP/loquacious, catalyzes the second processing event for miRNA biogenesis and liberates the mature miRNA duplexes [22] (Figure 1 ).
The biogenesis of miRNAs is not a static process; instead, several lines of evidence suggest the existence of a molecular network that tightly regulates the biogenesis and the stability of specific miRNAs in a cell-type dependent and context dependent manner. One of the best studied examples is the repression of let-7 biogenesis in undifferentiated embryonic stem cells and neuronal stem cells [23] , where the RNA-binding protein, Lin28, specifically binds to conserved nucleotides in the hairpin loop within the pri-let-7 precursors to prevent the Drosha processing [23−25] . In addition, Lin28 also induces the uridylation of pre-let-7 at its 3′ end to block its processing by Dicer, and to mediate its degradation [24] . Given the molecular parallel between the Drosha complex and the Dicer complex, it would not be surprising if more enhancers and/or repressors are identified to regulate the biogenesis of specific miRNAs on both processing steps.
The mature miRNA duplexes consist of the mature miRNA strand and the miRNA* strand, which are derived from two separate arms of the hairpin stem within the miRNA precursors. The imperfect base-pairing between miRNA and miRNA*, as pre-determined by the stem-loop structure of the miRNA precursor, gives rise to a thermodynamically less stable 5′ end for the miRNA strand to facilitate its unwinding [26] (Figure 1 ). This unique feature underlies the structural basis for the preferential loading of the miRNA strand into the effector complex, the RNA-induced silencing complex (RISC). The remaining miRNA* strand then undergoes subsequent degradation [26] . The strand selection and the RISC loading of miRNAs are tightly coupled to the miRNA biogenesis described above. This is achieved by the RISC loading complex that contains Dicer, TRBP and the key component of the RISC complex, the Argonaut family proteins (Ago) [27] (Figure 1 ). Pre-miRNAs get incorporated into the RISC loading complex, which catalyzes the pre-miRNA cleavage, mediates the miRNA strand selection, and promotes the miRNA loading into the Ago proteins [27] . Finally, the Ago:miRNA component dissociates from the rest of the complex, and forms the core of the RISC complex that harbors the gene silencing activity (Figure 1 ).
Target recognition by miRNAs
The key function of miRNAs within the RISC complex is to mediate target recognition, as the artificial tethering of the Ago proteins to an mRNA is sufficient to render gene silencing [28] . Plant miRNAs and rare animal miRNAs can recognize their targets with nearly perfect sequence complementarity, thus triggering mRNA cleavage at the site of complementarity [8] . However, most animal miRNAs bind their target mRNAs through multiple imperfect base-pairings within the 3′ UTR, thus mediating post-transcriptional gene silencing through a cleavage-independent manner [8] . The 2-8 nucleotides at the 5′ end of a miRNA are designated as the "seed" sequence. Its complementarity to the target mRNA, combined with a favorable sequence context flanking the seed-matching motif, largely determines the specificity for target recognition. In addition, the base-paring at the miRNA 3′ end and cooperative miRNA binding also have an impact on miRNA target recognition [29] . The small size of miRNAs, combined with the imperfect base-pairing nature of their target recognition, allows miRNAs to regulate a large number of mRNAs with varying degrees of affinities [29] . Conversely, a single mRNA target could be subjected to the combined regulation of multiple miRNAs.
The sequence complementarity between a miRNA and its targets has made it possible for computational prediction of miRNA targets. Classic examples of miRNA:target interactions were combined with exten-sive reporter analysis in cell culture studies to allow bioinformatic prediction of miRNA targets [28, 30, 31] . Such prediction programs yield hundreds of mRNAs as targets of a given miRNA. This scenario has been recently validated for two specific miRNAs through quantitative mass spectrometry in over-expression studies [32, 33] . Although miRNAs have the capacity to regulate a large number of mRNAs, the specific biological context, through a yet unknown mechanism, is also likely to play a role in determining the identity of miRNA targets and the affinity of miRNA:mRNA interaction. In addition, synergy among different miRNAs and the fine regulation of miRNA expression levels further adds to the varying degrees of target repression. It is this characteristic of miRNA regulation, perhaps, that allows miRNAs to exhibit substantial capacity and complexity in gene regulation, making them a key component of the gene regulatory networks underlying various developmental and physiological processes.
Mechanisms of miRNA-mediated gene silencing
The exact mechanisms for miRNA-mediated post-transcriptional repression are still being heavily investigated, yet studies using various miRNA systems have suggested different possibilities. Post-transcriptional repression mediated by miRNAs can occur through the inhibition of protein synthesis, the degradation of target mRNAs, and the translocation of target mRNAs into cytoplasmic processing bodies (P-bodies). Although seemingly different, these scenarios may not be mutually exclusive. For example, translation inhibition and mRNA degradation can occur concurrently as a result of miRNA-mediated gene silencing; the accumulation of miRNA targets in the P-body can be a consequence of inhibition of translational initiation; and the P-body may well be the site for mRNA degradation as it is enriched for mRNA degradation machinery. It is conceivable that the miRNA pathway mediates gene silencing through a variety of mechanisms; yet for a specific miRNA, the exact repression mechanisms may vary depending on the targets and the given biological context. This hypothesis may explain the diverse observations made by different groups that investigated the miRNA repression mechanisms using different biological systems.
miRNA-mediated translational repression
Translational repression is the first mechanism proposed for miRNA-mediated gene silencing, as some of the first identified miRNA targets exhibit significant downregulation at the protein level without affecting mRNA stability [34] . Translation occurs in three general steps: initiation, elongation, and termination. In cap-dependent eukaryotic translation, the translation initiation complex recognizes the mRNA 5′ cap through the cap binding component eIF4E, which interacts with the scaffolding core of the initiation complex, eIF4G. eIF4G associates with another initiation factor eIF3 to recruit the 40S ribosome subunit to the mRNA. The 40S ribosome subunit moves along the 5′ UTR of the mRNA until being assembled with the 60S subunit at the start codon for translational elongation. eIF4G also interacts with polyadenylate-binding protein 1 (PABP1) that binds the mRNA poly(A) tail. As a result, the initiation complex 'circularizes' the mRNA to strengthen the cap binding ability of eIF4e and facilitate the ribosome recycling [35] . Emerging evidence has indicated the indispensable role of the mRNA 5′ cap structure in miRNA-mediated gene silencing (Figure 2) . In HeLa cells, otherwise perfect miRNA targets were immune to miRNA-mediated repression when undergoing cap-independent translation, such as that initiated at the internal ribosome entry site (IRES) [36, 37] . Experiments in cell-free systems also support these findings, as an in vitro reconstituted miRNA repression system requires a functional m 7 G cap in the target mRNA [38, 39] . Consistently, in some polysome gradient analyses, miRNA-mediated repression was accompanied by reduced ribosome loading on the target mRNAs, while derepression of miRNA silencing restores the polysome association with the target mRNAs [37] . These findings suggest that miRNAs act to inhibit ribosome assembly onto the target mRNA in a cap-dependent manner. A model for the underlying mechanistic basis comes from a recent study that compared the sequence homology between human Ago2 and eIF4E, which centered around the Ago mid domain that directly binds the m 7 G cap to repress translation, possibly by precluding the eIF4E recruitment [40] (Figure 2 ).
When mutations were introduced into the two conserved phenylalanine residues within the mid domain, human AGO2 lost its cap binding ability, and subsequently failed to mediate gene silencing induced by miRNAs [40] . However, the competitive binding by Ago may not be a universal mechanism for miRNA-mediated silencing in all organisms. In contrast to the human data, the same mutation in the mid domain of Drosophila Ago1 abolished its ability to catalyze miRNA silencing without affecting m 7 G cap binding, suggesting the importance of a cap-independent mechanism under specific biological context [41] . It is worth noting that both studies described above were carried out using a reporter over-expression studies in tissue culture cells. Thus, the physiological roles of Ago proteins in repressing cap-dependent translation need to be addressed in future studies.
Interestingly, a number of studies challenged the hypothesis described above, and proposed a model for post-initiation repression by miRNAs [42, 44] (Figure 2 ).
Most evidence comes from the observation that miRNAs, repressed miRNA target mRNAs or RISC components can be associated with translationally competent polysomes [42, 43] , and that IRES-dependent translation can be repressed by miRNAs in one particular study [44] . These findings are in disagreement with the cap-dependent repression model. Despite the number of studies supporting a post-initiation model, there are debates about the reliability in differentiating between miRNPs and translationally competent polysomes in polysome gradient assays. As suggested by a recent study, formation of pseudo-polysomes, dense miRNA protein complexes that resemble polysomes in their sedimentation characteristics, can be observed even when ribosome assembly and polyribosome formation are blocked during initiation [45] . It is likely that the differences in experimental approaches and biological systems contributed to this landscape of varying results. Despite the lack of consensus in the miRNA field, one can not exclude the possibility that post-initiation repression may work with cap-dependent repression under certain physiological context to achieve miRNA-medi-ated gene silencing.
miRNA-mediated mRNA degradation
Although miRNA-mediated mRNA degradation was once dismissed as a repression mechanism in some of the early studies, increasing evidence suggests that miRNA play an important role in regulating the stability of its target mRNAs. Both genome-wide mRNA profiling experiments [46] and detailed characterizations of The current model for miRNA-mediated gene repression. Upon being bound by miRNAs, mRNAs become translationally repressed via a mechanism involving the proteins Ago and GW182, the latter of which is a known component of P-bodies. The inhibition can be either at the level of initiation of translation or post-initiation. Then, through a mechanism that is still not completely known, the silencing complexes containing the mRNAs aggregate to form P-bodies. Within the P-bodies, the mRNA can either be stored and released for translation at a later time or be marked for degradation via deadenylation or decapping.
specific miRNA targets [47] indicate that many, but not all, of the target mRNAs are subjected to partial degradation as induced by miRNAs. Studies in zebrafish, flies and mammalian systems suggest that miRNAs could lead to the deadenylation and/or decapping of their target mRNAs, followed by 3′->5′ and 5′->3′ decay, respectively [48] . In some demonstrated cases, deadenylation and decapping were achieved through the recruitment of GW182 to the target mRNAs via the Ago-mediated protein interaction [48] . GW182, a key component of the processing body (P-body), further recruits the deadenylating complex CCR4-NOT and/or the decapping complex DCP1/2 to the repressed mRNA target [49] (Figure 2) . It is worth noting that most repressed mRNAs only undergo partial degradation, the significance of which is not well understood. It is conceivable that partial degradation of mRNAs is desirable under specific physiological conditions, as a portion of the remaining mRNAs may eventually return to productive translation ( Figure 2 ). The relative contribution of mRNA degradation and translational repression to miRNA-mediated gene silencing is still not clear. There are clear examples where miRNA-mediated gene silencing occurs predominantly through one of the two mechanisms. However, there are also plenty of examples where both mechanisms play a role in silencing. mRNA degradation results in permanent removal of miRNA targets, while translational repression leads to temporary inhibition of miRNA targets, which may resume translation upon derepression. Under physiological conditions, miRNAs mostly act as developmental switches or mediators for stress responses, and the relative contribution of these two modes of miRNA repression may well depend on the specific miRNA functions.
miRNAs and P-bodies
Although there is still debate about the exact mechanism of miRNA-mediated repression, evidence has been mounting in favor of the segregation of miRNA function in discrete cytoplasmic foci, known as P-bodies or GW-bodies [35] . P-bodies have previously been shown to be dynamic cellular assemblies for mRNA degradation and storage [50] . The first functional link between miRNAs and the P-bodies came from studies that demonstrated the accumulation of Ago proteins in P-bodies via a miRNA-dependent and target mRNA-dependent manner [51] . The translocation of target mRNAs into the P-bodies is mediated through the physical interaction between Ago and GW182, which results in decreased mRNA association with polysomes, and the subsequent degradation of the mRNAs [41, 51] (Figure 2 ). Knock-down of GW182 disrupted P-body formation and maintenance, and abrogated miRNA-mediated silencing [51] . It is hypothesized that the P-body translocation insulates the miRNA-targeted mRNAs from active translation machinery and facilitates their turn-over. P-bodies can also serve as storage sites for repressed mRNAs, which, under certain physiological conditions, can be recycled back into the cytoplasm and reassemble with translation machinery [52] . P-bodies contain a number of molecular machineries that mediate the two major mRNA degradation pathways through deadenylation and decapping, respectively. Among these, CCR4-NOT are the key apparatus for mRNA degradation through deadenylation and 3′->5′ decay, and DCP1/2 and XRN1 are the key players for mRNA degradation through decapping and 5′->3′ decay [49, 53] (Figure 2) . Depletion of these P-body components invariably impairs the target mRNA degradation induced by miRNAs [38, 41, 53] . Although it is tempting to hypothesize that P-bodies provide one of the sites for miRNA-mediated gene silencing, the formation of microscopically visible P-bodies does not always precede miRNA silencing. When the P-body proteins Lsm1 and Lsm3 were depleted, microscopically visible P-bodies vanished, but miRNA function was not compromised [41] . Such findings indicate that microscopically visible P-bodies are not a prerequisite for miRNA silencing. It is proposed that submicroscopic miRNP complexes are sufficient to mediate silencing before the emergence of the visible P-body loci. Currently, P-bodies are loosely defined by molecular markers as a dynamic assembly of microscopically visible foci, but this definition may give rise to a great deal of heterogeneity within the P-bodies themselves. A less ambiguous characterization of P-bodies will greatly contribute to our understanding of the roles P-bodies play in miRNA-mediated gene repression.
Finally, evidence has emerged that along with Pbodies, stress granules may also play a role in miRNAmediated repression [54] . In fact, the association of Ago proteins to stress granules requires the presence of miRNAs, while this association is not necessary for P-bodies [54] . However, recent findings have blurred the distinction between P-bodies and stress granules, as a subset of them share common molecular markers [55] . The extent to which stress granules contribute to miRNAmediated repression, and how they interact with P-bodymediated repression are still largely unknown.
Conclusions
We are still at the beginning to understand the realm of non-coding RNAs, whose functional importance is appreciated only recently. miRNAs represent one of the best studied non-coding RNA families. The diverse biological functions and unique gene repression mechanisms of miRNAs place them as integral components in the gene regulatory network for development and physiology. Although most miRNA genes share similar molecular structures, extensive complexity exists in the molecular basis underlying their biogenesis pathway and their silencing effects. To date, the key biochemical components for the major miRNA biogenesis pathway have been identified, and the regulatory network that promotes or inhibits miRNA biogenesis under specific physiological conditions has begun to emerge. More controversies exist for the precise mechanisms underlying miRNA-mediated gene silencing, as multiple models are established based on various biochemical studies using different biological systems. Since these studies often employ chimeric reporter mRNAs as miRNA target mRNAs, it is not clear if the different mechanistic models proposed reflect the different biological properties of these reporter constructs, or they truly recapitulate the range of diverse miRNA regulation under differing developmental or physiological contexts. It is conceivable that multiple mechanisms regulate miRNA mediated gene silencing. Yet, the key question is whether there exists specificity in this process. Under a given biological context, would a single mechanism or a combination of mechanisms be employed for gene silencing by a specific miRNA? In addition, are different models of miRNA function, if they co-exist, regulated differently? And are they each correspond to unique biological outcome? As we are witnessing the unparalleled discovery efforts aiming for small RNAs discovery, particularly miRNA identification, the understanding of these questions will undoubtedly provide important insights into the core of small RNA biology.
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